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Abstract. One of the greatest mysteries in astrophysics and cosmology is the nature
and the origin of cold dark matter, which represents more than 84% of the mass in
the universe. Dark matter reacts on and produces gravitational forces and governs the
dynamics of stars around galactic centres, however, does not absorb or emit any kind
of electromagnetic radiation. So far, any relation to known types of matter has not
been conclusive, and proposed new particles have not been found. Here, I propose and
discuss how dark matter evolved from ultra-light fermionic particles that decoupled
from the rest of the universe shortly after the Big Bang. My description explicitly
considers their interference, and reveals the emergence of entanglement between two
such particles, as well as their transformation to massive dark-matter quantum fields
of cosmic sizes. Furthermore, I argue that dark matter and supermassive black holes
have the same origin and evolved simultaneously. If the particles’ decoupling time was
about half a second after the Big Bang, my hypothesis predicts a minimum mass for
supermassive black holes that fits well to the smallest known such object of 5 · 104
solar masses. It seems very much likely that the ultra-light fermionic particle was the
neutrino.
1. The dark-matter mystery
The existence of dark matter has become evident from a large number of astronomical
observations that call for much more gravitating matter compared to what can be seen
with any kind of telescope. Already in the 1930s it was inferred from the motions
of galaxies inside galactic clusters that most matter in the universe might be dark
[1, 2]. More recent observations of the rotational properties of galaxies confirmed this
[3, 4, 5, 6, 7], cf. Fig. 1, and suggested the dark-matter contents of galaxies to be about
ten times higher than the stellar components in the galactic disk and bulk [8]. The
existence of dark matter has further been supported by the observation of gravitational
lensing of background electromagnetic radiation by galaxy clusters [1, 9, 10]. Its
existence is also necessary to explain today’s structure of the spatial distribution of
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Figure 1. Photograph of a spiral galaxy (here: NGC3672). Stars in spiral arms at
distances from galactic centres between one third and full radius have about the same
rotational velocities, as observed by V. Rubin [6]. The fact that velocities do not reduce
with higher distances can be explained by largely extended halos of an invisible mass
of unknown nature, called cold dark matter. Credit: Adam Block/Mount Lemmon
SkyCenter/University of Arizona.
stars, galaxies, and galaxy clusters as well as the anisotropy of the cosmic micro-wave
background (CMB).
The CMB originates from 380.000 years after the Big Bang, when protons, other
light nuclei and electrons combined to neutral atoms. Only then, light could freely
propagate because it was not anymore continuously scattered by the highly charged
matter. In turn, the repelling radiation pressure forces between baryonic particles
got strongly reduced and atoms could start clumping together to form seeds for stars.
Computer models have shown, however, that the time since the release of the CMB was
too short to allow the growth from baryonic seeds to the cosmic structure composed
of galaxies and galaxy clusters we observe. And indeed, the anisotropy of the cosmic
microwave background as observed by the satellite missions COBE [11], WMAP [12],
and Planck [13] proves that matter had already formed seeds much earlier than 380.000
years after the Big Bang, calling for (cold) dark matter that is completely invisible,
i.e. does not emit, absorb or reflect any kind of electromagnetic radiation.
A highly successful model that reproduces the evolution of the universe in
consistency with astronomical observations is the ‘Lambda Cold Dark Matter’ model
(ΛCDM model) [14]. In addition to a number of fixed parameters, the model uses
six free parameters, whose values are deliberately set to achieve consistency. Amongst
these are the age of the universe with a value of about 13.8 billion years, the amount
of cold dark matter (DM), and the amount of ordinary, baryonic matter [13], see Fig. 2.
Although successful, the model does not give any further hints concerning the nature of
dark matter.
Candidates for the cold dark matter particle should have non-zero rest mass and be
neutral, non-baryonic, and stable over cosmic time-scales. Furthermore, there is an
argument why candidates should not be very light fermions: According to the Pauli
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Figure 2. Energy densities according to the ΛCDM model and the experimental data
of the Planck mission [13] as they contribute to the total energy density of the universe.
Cold dark matter (‘CDM’) contributes 26.8%, ordinary (baryonic) matter just 4.9%.
CDM thus represents 84.5% of the gravitating energy density. The remaining 68.3%
are attributed to an unknown energy that causes the observed accelerated expansion
of today’s universe and is called ‘dark energy’, described by the symbol ‘Λ’. Photons,
ultra-relativistic neutrinos, black holes as well as gravitational waves do not contribute
significantly.
exclusion principle [15], identical fermions cannot occupy the same space. Each of them
occupies a volume that corresponds to the full-width position uncertainty cubed. The
fermionic character thus limits their number density and demands a minimum mass per
fermion to be able to reach the observed dark matter mass density [16]. There is another
argument why candidates, at least if they were in thermal equilibrium with the primeval
plasma at some point shortly after the Big Bang, should not have too low rest masses.
Their average velocities would be very high even at moderate temperatures, such that
gravitational structure would be washed out immediately. These arguments basically
exclude all known particles as DM candidates, including the neutrino [16, 17]. Searches
for new kinds of particles have started many years ago, but were not successful so far
[18, 19, 20, 21, 22].
2. Proposition for solving the dark-matter puzzle
In this article, I present the hypothesis that ultra-light fermions that were in thermal
equilibrium with the hot primeval plasma cannot be excluded as cold DM candidates.
I argue that such fermions are in fact a strong candidate for cold dark matter.
First, I outline the mechanism that naturally transforms ultra-light fermions that have
interacted with the hot plasma in the past into macroscopic cold quantum fields once
they stop interacting (or – in other words – ‘decouple’). Second, I argue that two such
fermions combine to form pairs of zero spin and zero momentum, similarly to electron
pairs in superconductors. Third, I show that the excitation of these quantum fields
naturally reach occupation numbers at which they must transform to (supermassive)
black holes, around which remaining quantum fields should aggregate as cold DM halos.
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Specifically, I propose and discuss the hypothesis that cold DM indeed emerged from
the almost massless and fermionic neutrinos when they decoupled half a second after
the Big Bang. In the following sections I discuss the neutrino as the DM particle. My
conclusions, to the best of my knowledge, are in line with all astronomical observations
and with all major constraints that have been worked out so far.
2.1. Neutrinos at the beginning of their decoupling
The purpose of this subsection is to recapitulate well-known facts about the neutrinos
when they still interacted with the primeval plasma and when they started to
decouple. In brief, shortly before decoupling, the neutrino position uncertainties almost
overlapped. From this I conclude that the neutrino gas was at the transition to a
degenerate Fermi gas.
The event of neutrino decoupling is a well-established fact. It took place about
half a second after the Big Bang (tνd = 0.5 s), when the temperature of the universe
was about Tνd ≈ 3 · 1010 K [23]. The term ‘decoupling’ describes a rather instantaneous
process, after that the interaction rate between a neutrino and any other particle was
basically zero. Neutrino decoupling was caused by the expansion of the universe and the
associated reduction of energy density and temperature [24]. At decoupling temperature
Tνd, the (weak-force) interaction rate of the neutrinos (∝ T 5) dropped below the relative
one-dimensional expansion rate of the universe (∝ T 2), which meant that the interval
between two momentum-changing interactions started to exceed the age of the universe
[24].
Before decoupling, neutrinos were mainly coupled to the primeval plasma via
the annihilation of charged leptons. For instance, neutrinos with electron flavor (νe)
were coupled via the annihilation and creation of electron (e−) / positron (e+) pairs [24]
according to
νe + ν¯e ↔ e− + e+ ↔ γ + γ , (1)
where ν¯e is the electron anti-neutrino. (Note, neutrino and anti-neutrino might be
identical, however, this is currently unknown [25]). Electrons and positrons, in turn,
were in equilibrium with the annihilation and creation of photons (γ). Before neutrino
decoupling, energy was equally distributed over the degrees of freedom in the chain
above. Neutrino pairs, electron/positron pairs, and photon pairs were just different
coexisting forms of energy.
The neutrinos’ average thermal kinetic energy was much higher than the energy
related to their tiny rest mass. Neutrinos were ultra-relativistic. With the approxima-
tions that neutrinos behaved similar to a relativistic ideal fermionic gas, the expression
for the relativistic kinetic energy and the equipartition theorem yield for the average
absolute momentum in three dimensions 〈|~p |〉th ≈ 3kBT/c, where kB is the Boltzmann
constant and c the speed of light. As a well-known fact, the same quantity is also a
good approximation for the full width (fw) of the Fermi-Dirac momentum distribution,
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i.e. 〈|~p |〉th(T ) ≈ ∆fwth |~p |(T ), see for instance Fig. 1 in Ref. [26].
When the ultra-relativistic neutrinos approached their decoupling, interactions be-
tween individual neutrinos became negligible. In this case, position and momentum
uncertainties (or ‘indeterminacies’) of the neutrinos can be considered in the approxi-
mate limit of massless particles. A quantification of the neutrino position uncertainty
is given by the (one-dimensional) thermal De Broglie wavelength λth ≈ h/〈|px|〉th ≈
hc/(kBT ) ≈ h/∆fwthpx, where h is the Planck constant and 〈|px|〉th the one-dimensional
average momentum. Interestingly, the product λth ·∆fwthpx ≈ h does not dependent on
temperature. This fact suggests that the product represents minimal-uncertainty (pure)
states in the phase-space spanned by position and momentum, because any contribution
on top of minimal uncertainty should reveal itself by a monotonically increasing function
of temperature. The same fact suggests that the entire momentum spectrum is given
by quantum uncertainty, meaning that there are no sub-classes of different momentum
values and all relativistic particles have the same momentum of 〈pˆx〉 ≈ 0. A loose
connection to the standard deviations in Heisenberg’s uncertainty relation is given by
∆xˆ ≈ λth/(2pi) and ∆pˆx ≈ ∆fwthpx/2. Here, the factors of 1/2 take roughly into account
the facts that standard deviations describe just half of the full spreads. The factor 1/pi
takes roughly into account that the energy distribution within a ‘wavelength’ has two
maxima, whereas valid is just the width of one maximum. One finds the lower bound
of Heisenberg’s uncertainty relation ∆xˆ∆pˆx ≥ h/(4pi), which is known to certify an
ensemble of pure states.
In the following I contrast the neutrino position uncertainty with their average
distance at times shortly before decoupling and find that they are approximately equal.
The average neutrino number density per flavor, spin and cubic meter as a function of
the temperature of the universe as derived by the (fully classical) Boltzmann equation
reads [24, 27].
nν = 6pi · ζ(3)
(
kBT
hc
)3
, (2)
where ζ(3) ≈ 1.2. The average one-dimensional distance between two identical neutrinos
is thus given by
d ≈ 3
√
1
6pi · ζ(3) ·
hc
kBT
≈ 0.35 · hc
kBT
. (3)
At decoupling temperature, one gets dνd ≈ 1.7 ·10−13 m. For comparison, the full spread
of the neutrino position uncertainty around decoupling was
2∆xˆ ≈ λth
pi
=
1
pi
· hc
kBT
≈ 0.32 · hc
kBT
, for T ≈ Tνd . (4)
At decoupling temperature, one gets 2∆xˆνd ≈ 1.5 · 10−13 m. 2∆xˆ and d turn out to be
approximately identical, keeping in mind the rough estimations Eq. (4) is based on.
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The result of this subsection is the following. At decoupling, when interactions be-
tween individual neutrinos became negligible, the position uncertainties of identical neu-
trinos were close to overlapping. This implies that the neutrinos were at the transition
to a quantum degenerate Fermi gas. (In the following I will use the term ‘field’ instead
of ‘gas’, since the latter might imply a wrong picture of neutrinos being rather localized
in space.) Furthermore, the eigenvalue spectra of neutrino positions and momenta were
solely given by quantum uncertainties of pure states, i.e. 〈pˆx〉 ≈ 〈pˆy〉 ≈ 〈pˆz〉 ≈ 0. Since
(local) hidden variables do not exist [28], the conception of neutrinos having a trajec-
tory, i.e. moving like classical particles, was not adequate at decoupling time. Instead,
a valid description of neutrinos at and after decoupling has to include interference of
position uncertainties and the Pauli exclusion principle.
2.2. The prevailing description of neutrinos after decoupling
Without any coupling to the primeval plasma, the neutrinos had an undisturbed
(‘free’) evolution in the continuously expanding universe. In relevant literature, the
evolution of neutrinos is usually described as a free, particle-like propagation of mutually
independent neutrinos. Accordingly, the expansion of the universe red-shifted their
momentum spectrum in the same way as the frequency spectrum of radiation. While
at decoupling time, the neutrinos constituted a considerable fraction of the universe’s
total energy, today the have lost most of their relativistic energy. As a matter of fact,
the cosmological redshift does not remove the thermal appearance of neither momentum
nor frequency spectra. For this reason, ‘temperatures’ are conveniently used to describe
the relic neutrinos as well as the cosmic micro-wave background. Based on the view of
particle-like propagation of independent neutrinos, the temperature of today’s cosmic
neutrino back-ground (CνB) is derived to TCνB = 1.945 K. This value is below the
temperature of the CMB of TCMB = 2.725 K, because the electro-magnetic radiation
field was reheated when the electrons and positrons of the primeval plasma annihilated
shortly after neutrino decoupling [24, 27]. In this view, it seems to be justified to expand
the validity range of Eq. (2) to today’s low temperatures. By doing so, T turns into a
measure of the expansion of the universe. It is standard in relevant literature to use
the temperature value of the CνB and Eq. (2) to derive the well-known value of today’s
average relic neutrino number density of nν,0 ≈ 56 cm−3 for each of the six types of
neutrinos (two spin values × three flavors) [24, 27].
To conclude this subsection, I note that the prevailing particle-like description of
neutrinos after their decoupling is not conform with the results derived in the previous
subsection, since ‘free evolution’ needs to be understood as a continuously increasing po-
sition uncertainty in three dimensions. In the next subsections, I present my argumenta-
tion why the overlapping of neutrino wave functions eventually resulted in a much higher
average kinetic energy of today’s CνB than the one associated with TCνB = 1.945 K.
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2.3. The emergence of macroscopic neutrino field-modes after decoupling
According to quantum physics, as it is mathematically described by quantum field
theory, a ‘neutrino’ is the quantized excitation of a Fourier-limited mode of the neutrino
field. The ‘mode’ is understood as a physical object and represented by its wave function.
In case of fermionic modes, occupation numbers cannot exceed one.
Before decoupling, the neutrinos belonged to modes that were distinguishable
due to their different locations in space-time. Energy quanta in terms of neutrinos
got frequently transferred from one mode to another. After decoupling, the modes’
occupation numbers did not change any more. The free evolution of the modes, however,
was fundamentally different from the classical concept of free particle-like propagation.
The free evolution of a neutrino mode was governed by the momentum uncertainties
∆pˆx (likewise ∆pˆy and ∆pˆz), which resulted in a continuous ultra-relativistic increase
of the spatial mode size:
∆xˆ(t) = ∆yˆ(t) = ∆zˆ(t) ≈ ∆xˆνd + c(t− tνd) . (5)
The consequences were mode overlapping and the emergence of indistinguishability. As
an example, consider two neutrino modes in the very instance when any kind of energy
exchange with the rest of the universe stopped. Due to their interactions in the past
they be highly localized to a level of about 10−13 m and accidentally have an occupation
number of one. The modes have spherical symmetry with Gaussian energy distribution
and are fully identical, except for a spatial separation of 1.7 · 10−13 m. Due to the
high localization and the low neutrino rest mass, their momentum uncertainty is ultra-
relativistic. The radii of the modes’ position uncertainties have to grow with almost
the speed of light, while their distance hardly changes. After 1µs, the modes have
radii of about 300 m and they fully overlap. Their occupation number in terms of two
neutrinos in total does not change. In the course of overlapping the two modes become
indistinguishable, because (i) their separation becomes negligible compared with their
position uncertainty, (ii) the expectation values of their momenta remain identical (and
small), and (iii) the momentum uncertainties also remain identical. The neutrinos are
thus also indistinguishable. Their position uncertainty corresponds to the size of the
joined (degenerate) mode. There is no other way how interaction-free physical systems
can evolve.
The question arises, why this result is not in conflict with the Pauli exclusion
principle. The answer is given by the internal structure of the new mode, which is
a consequence of interference. The two neutrinos are excitation quanta of the same
(new) mode, and as such indeed indistinguishable. The internal structure of the mode,
however, guarantees that the two neutrinos would always localize with a separation
of 1.7 · 10−13 m. Here, I use the word ’would’ to point out the fact that localization
requires an interactions, which, as requested for this example, has zero probability.
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Uncertainties with internal correlations (here: anti-correlations) represent ‘quantum
correlations’, i.e entanglement [29] (see also subsection 2.5). A very important insight
is the fact that quantum anti-correlation does not demolish indistinguishability, since
the individual properties of the fermions remain undetermined.
It has to be concluded that one microsecond after neutrino decoupling, the universe
was filled with a huge number of spherical, mutually overlapping degenerate neutrino
fields of ∆xˆ(1µs) = 300 m radii. Due to particle number conservation, each was occupied
by up to N ≈ 1046 indistinguishable neutrinos. As in the example above, each mode
evolved without violating the Pauli exclusion principle. The emerged internal quantum
anti-correlation had to have the property of a three-dimensional standing wave, since
it was produced from spherical waves from all directions. The high neutrino density
enforced a wavelength that was (almost) as short as the thermal De Broglie wavelength
at decoupling time (λ = λth,νd). In the nodes, the probability of finding a neutrino
was zero. The locations of the nodes, however, were not determined with respect to
the primeval plasma. As in the example above, these quantum correlations guaranteed
spatial separation of the neutrinos in case they got localized due to the unlikely case of
interactions.
While the neutrino uncertainties grew, inhomogeneities of the neutrino energy
density on scales smaller than the neutrino fields got smeared out. But inhomogeneities
on larger scales endured for a while. Space-time was not flat, in particular also due to
the mass contribution of the neutrino fields. Obviously, neutrino modes experienced the
attractive potentials due to their own masses. Since all field modes continuously evolved
further to larger sizes and larger neutrino numbers N , while the universe continuously
expanded, it seems plausible that the neutrino fields started to localize due to the space-
time curvature produced by themselves.
2.4. Gravitational self-localization and temperature of the neutrino field-modes
By ‘self-localization’ I do not mean any gravitational collapse of the neutrino mode,
but just a stable energy density that is positioned around its own centre. Increasing
the density of neutrino fields was not possible because it would have violated the Pauli
exclusion principle. Taking this fact into account, neutrino-field self-localization simply
corresponded to the formation of space-time curvature. The crucial question is whether
the thermodynamic temperature of the neutrino field was low enough for gravitational
self-localization.
A reasonable estimation for Tν is not obvious. Tν(t) certainly is a decreasing
function of time, but it is not related to the ‘temperature’ of the CνB. The latter
is not the temperature of the neutrinos but the (red-shifted) representation of the
temperature of the primeval plasma at the time when neutrinos decoupled. (Similarly,
the temperature of the cosmic microwave background is not the temperature of the
microwave field, but a representation of the temperature of the primeval plasma at
the time when electromagnetic radiation decoupled. A radiation field can only have a
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thermodynamic temperature significantly larger than zero in case of significant photon-
photon scattering or neutrino-neutrino scattering, respectively.)
Tν(t) is supposed to be the thermodynamic neutrino temperature, as it is given by
the average interaction due to neutrino collisions per time interval. Indeed, kBTν(t)
quantifies the action per second for one neutrino at temperature Tν(t), where the
smallest unit of ‘action’ is Planck’s quantum of action h [30]. Before decoupling, the
average weak-force collision (scattering) rate per neutrino was in thermal equilibrium
and fν,s = (Tν/Tνd)
5/tνd with fν,d,s = 2 Hz at decoupling temperature [24]. The action
per collision as an integer multiple of Planck’s ‘quantum of action’ (h) was given by
lν,s(Tν)h = Sν,s(Tν) =
kBTν
fν,s
=
kBT
5
νd
T 4ν
tνd , for 1 ≤ Sν,s
h
≤ kBTνd
h
tνd . (6)
This equation is in full agreement the prevailing description of neutrino decoupling.
The neutrinos decoupled from the primeval plasma because even a collision of maximal
energy transfer per neutrino (kBTν/2) could not provide the required action Sν,s, since
the collision rate was too low. Remarkably, Eq. (6) sets a relation between neutrino de-
coupling temperature Tνd and an upper temperature, beyond which neutrino collisions
are unphysical since Sν,s < h. Taking the value Tνd = 3 · 1010 K, the highest possible
weak-force collision rate is reached at Tew ≈ 4·1015 K. Here, I use subscript ‘ew’, because
Tew should correspond to the temperature above that the weak force and the electro-
magnetic force were unified by the electroweak force. My conclusion is well justified
because the impossibility of weak-force collisions indicate the absence of the weak force
per se. One might further argue that neutrinos (or neutrino modes) as non-degenerate
systems only existed at temperatures below Tew.
Eq. (6) describes the reason of decoupling, which is 1/fν,s(t) > t for t > tνd. The
upper bound of Eq. (6) suggest that after decoupling not the collision frequency but the
age of the universe t was relevant to quantify the temperature of the neutrinos. Since
the size of the neutrino position uncertainty is a perfect measure of the time that had
passed since the last interaction, I propose the following expression for the temperature
of the neutrino field
kBTν(t) =
kBTνd∆xνd
∆xνd+c(t− tνd) =
~c
∆xνd+c(t− tνd) ≈
~
(t− tνd) , for t− tνd 
∆xνd
c
. (7)
The neutrino field is thus much colder than the ‘temperature’ assigned to the cosmic
neutrino background. For instance, 0.4 s after decoupling the neutrino field temperature
was Tν(0.9s) ≈ 0.02 nK, and accordingly kBTν(0.9s) ≈ 1.6 · 10−15 eV. The neutrino
temperature according to Eq. (7) provides a very reasonable value for a system that is
decoupled from the rest of the universe. Another such system is a black hole. In fact,
Eq. (7) claims that an ultra-relativistic neutrino field with radius r = c(t− tνd) has the
same temperature as a black hole with Schwarzschild radius rs = GM/c
2 of the same
size:
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Tν(r) =
~c
kBr
=
rs
r
· ~c
3
kBGM
, (8)
where the right term corresponds to the well-known Hawking temperature [31]. G is
the gravitational constant. This finding strongly supports my proposal for the neutrino
field temperature in Eq. (7).
Having found the expression for the thermodynamic temperature of the neutrino
field after decoupling (Eq. (7)) it is possible to estimate whether gravitational self-
localization of neutrino fields was possible or even self-evident. As said at the beginning
of this subsection, self-localization must have happened without an increase of neutrino
number density. In this case, gravitational self-localization can be approximated by the
well-known statistics of indistinguishable non-interacting bosonic particles:
For simplification, I consider just two energy levels for a total number of N neutrinos.
The lower one corresponds to the quanta’s ground state in the trapping potential of
gravitational self-localization. The second level corresponds to an elevated neutrino
energy of flat space-time. The potential difference be |E|. The probability of having an
upper level population of K < N/2 with N → ∞ is given by P (K) ≈ e−K|E|/(kBTν). It
can be shown that the total upper level population is given by K ≈ e−|E|/(kBTν)/(1 −
e−|E|/(kBTν)), which is independent of N . For any arbitrarily small value of |E| > 0, K
becomes negligible as N approaches infinity. In practice, neutrino field modes reached
extremely large, but nevertheless finite values of N . For this reason, the trapping
potential |E| needs to be quantified.
My quantitative estimation of the trapping potential |E| considers the potential
of a black hole. In section 3, I show that 0.9 s after the Big Bang the first primordial
black holes emerged. For the time being, I refer to the fact that galaxies not only have
dark matter halos but also supermassive black holes at their centres. For a massive
neutrino field that accumulates around a black hole, the trapping potential is |E| = mc2,
with m the neutrino rest mass. There are in fact three different neutrino rest masses.
Whereas the three neutrino flavors are the eigenvalues of the weak interaction, the
three neutrino rest masses are eigenvalues of neutrino propagation. The observation of
neutrino oscillations showed that all these masses are non-zero. The individual values,
however, are not known, just sums and differences of their squares [32, 33].
Using the lower bound for the average neutrino rest mass of m ≈ 0.033 eV/c2 as derived
from the observation of neutrino oscillations [32], |E| is thirteen orders of magnitude
greater than kBTν(0.9 s). In this case, K is zero and not a single neutrino is not localized
around the black hole. The lowest neutrino mass, however, might be much lower than the
average neutrino mass. In Sec. 4, I present a very conservative estimation of the value for
the lowest neutrino mass and find a lower bound of about 10−26 eV/c2. Consequently, |E|
is at most eleven orders of magnitude lower than kBTν(0.9 s). In this case K ≈ 1011. To
conclude, even in case of an extremely low neutrino rest mass, K is negligible compared
to the typical numbers of N .
In summary, already a fraction of a second after decoupling, significant parts of the
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macroscopic neutrino fields were in their quantum mechanical ground states, localized
and trapped by their own mass. In the case of fermionic fields, such states are called
‘Fermi seas’. The almost zero temperature together with the fermionic character of the
field enforced almost zero density fluctuations over the dimensions of the Fermi sea.
Even quantum fluctuations of the density were suppressed. Zero density fluctuations
imply zero compressibility and superfluidity of mass.
2.5. Neutrino pairing
A Fermi sea is unstable against pairing of its quanta if an arbitrarily weak attractive
force exists between them. This is the claim of the Bardeen, Cooper and Schrieffer (BCS)
theory [34], which was formulated to describe the formation of Cooper pairs from initially
distinguishable electrons [35] and superconductivity in metals at low temperatures. My
proposition is that the neutrinos in Fermi seas paired as well, in fact due to the tiny
gravitational attraction between them.
The physical description of pairing of initially independent quanta starts from
three preconditions. First, the quanta are indistinguishable, from which follows that
decoherence is negligible. Second, there exists a mutually attractive force. And third,
the first two preconditions last for an expanded period of time in order to take into
account the spatial spread of the quanta as well as to counterbalance the finite nature
of the attractive force. All three preconditions are fulfilled for a neutrino Fermi sea.
Indistinguishability guarantees that all quanta have maximal spatial overlap of their
position uncertainties, simply because they excite the same spatial mode. Maximal
spatial overlap is relevant since it maximizes the efficacy of the attractive force. The
attractive force itself is relevant because it produces an attractive potential.
The formation of pairs is only manifested in case of interactions with the
environment that lead to localization. Neutrinos of a Fermi sea do not have such
interactions, however, we can consider such interactions hypothetically. Since we
postulate indistinguishability, we have to conclude the following. If an interaction
localizes a neutrino ‘A’ precisely at position ~xA then there is another neutrino ‘B’ at
precisely the same position with certainty, i.e. 100% probability (regardless whether the
second neutrino is detected or not). This is enforced because of the vanishing quantum
uncertainty in the differential position ~xA−~xB = 0 and the attractive force. If the same
interaction additionally determines the spin value, the second neutrino has opposite
spin, again with certainty. This is the anti-correlation enforced by the Pauli principle,
which leads to bosons of zero spin. Alternatively, the interaction may determine a
neutrino with a precise momentum value ~pA with respect to the centre of mass of
the neutrino field. In this case, the interaction must realize a second neutrino that has
precisely the same momentum but with opposite sign. This is due to indistinguishability
combined with momentum conservation. In the concept of pairing, the interaction with
the environment affects exactly two neutrinos while all others remain unaffected and
thus indistinguishable. The total momentum of all remaining N − 2 indistinguishable
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neutrinos has to remain zero, as it was the total momentum of N neutrinos before
the interaction. In conclusion, there is no uncertainty in the sum of the momenta
~pA + ~pB = 0. A simultaneous spin measurement would again show opposite spins.
The zero-spin bosons thus have precisely zero momentum. Using the concept of pairing
provides a complementary view on a neutrino Fermi sea, which is that of a Bose-Einstein
condensate of zero-spin particles.
Finally, I consider a large number of such neutrino measurements with perfect
quantum efficiency. The measurements correspond to an ensemble measurement of
identical pairs. Regardless whether ~xA or ~pA is measured, it allows to predict the
corresponding value for the corresponding second neutrino without any uncertainty.
This is correctly described by quantum theory, since the relevant quantities commute
([xA − xB, px,A + px,B] = 0 for all three dimensions). The measurements demonstrate
Einstein-Podolsky-Rosen (EPR) entanglement [36]. The physics that describes the
evolution to pairs from initially individual systems thus describes the emergence of
EPR entanglement. (For comparison I refer to [37], which investigates the physics of
the emergence of EPR entanglement between two massive mirrors with respect to their
motional degree of freedom in one dimension.)
2.6. Dark matter mass and the sum of the mass of the neutrino-pair quantum fields
It is well-known that the rest mass of all neutrinos in the visible universe is much less
than the mass of the inferred cold DM. The prevailing view is that also their today’s
sum of rest mass and relativistic mass is too low for constituting a major fraction of
DM, because the neutrinos are supposed to have lost most of their relativistic mass due
to the expansion of the universe. In the foreground of gravitational self-attraction of
neutrino fields, this assumption should be incorrect. My argumentation is the following.
First, dense neutrino fields, as they spread over sizes as large as galaxy clusters and
beyond, resembled a strong gravitational force that locally acted against the expansion
of the universe. Second, there were also space-time volumes containing less neutrino
field energy. At these space-time locations the dilution of energy density was faster due
to higher expansion rate. In other words, the initial thermal density fluctuations got
amplified and the expansion rate of the universe became more and more inhomogeneous
as time progressed.
From this point of view, the well-known cosmic voids [38] seem to be a natural
consequence. My argumentation also fits well to the observation that the cosmic
DM distribution forms a gravitational scaffold [39]. While electromagnetic radiation
experienced a redshift due to the average expansion of the universe, the neutrino
fields were predominantly located in space time regions of reduced expansion. They
experienced a reduced redshift that is given by the average of local expansions weighted
by the neutrino field density distribution.
In the following I estimate the average rest-mass density of the decoupled neutrinos
and from that the cumulated factor by which the expansion of the universe was reduced
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on average at locations of dense neutrino fields in order to fit to the total dark matter
mass that we observe today. Today’s average neutrino/anti-neutrino number density
amounts to 3.4 · 108 m−3, taking into account two spin and three mass values [24, 27],
see also Eq. (2) for T = TCνB = 1.945 K. Using the upper bound for the average neutrino
rest mass of 0.04 eV/c2 (≈ 7 · 10−38 kg) [40] the average rest-mass density is less than
2.4·10−29 kg/m3. Using the lower bound for the average neutrino rest mass of 0.033 eV/c2
(≈ 6 · 10−38 kg) as derived from the observation of neutrino oscillations [32], the total
rest mass of all neutrinos is at least 2 · 10−29 kg/m3. The average DM mass density,
however, is more than a hundred times higher, namely about 2.3 · 10−27 kg/m3. This
value is given by the data shown in Fig. 2 and the total energy density of the universe.
Due to the WMAP mission [41] it is known that the latter almost corresponds to the
(mass equivalent) critical density of a flat universe of ρcrit ≈ 9 · 10−27 kg/m3.
If the decoupled neutrinos constitute all cold dark matter, their relativistic energy
today needs to be about a hundred times higher than their average rest mass. In other
words, the effective expansion of the ‘neutrino-field universe’ must have reduced the
average relativistic energy in three dimensions from initially 3× 2.6 MeV to now about
3 × 1.3 eV (≈ 100 × 0.04 eV), which corresponds to an average neutrino field red-shift
of zννd = 2.6 MeV/1.3 eV ≈ 2 · 106 instead of the literature value of z˜ννd = Tν,d/TCνB ≈
1.5 · 1010.
The summary of my hypothesis on the nature and origin of cold dark matter is the
following. Cold DM as observed today are neutrino fields of zero temperature. Its total
mass is dominated by relativistic mass. The quantized excitation of the neutrino field
can be understood as (degenerate) neutrino pairs. Their position uncertainty spreads
over the connected parts of the cold DM scaffold described in [39]. Neutrino pairs are
not strictly localized to a single galactic halo but are excitations of connected parts of
the entire scaffold.
2.7. Quantum-field-view on neutrino decoupling
This subsection complements the physics of neutrino decoupling by the quantum field
view. As outlined in subsection 2.3, neutrinos are the excitation quanta of neutrino
field modes. At any temperature T of the early universe, these modes expanded with
almost the speed of light. The only way of avoiding the overlap of excited modes, which
would have violated Pauli’s exclusion principle, was a high rate of their depopulation.
According to Eq. (3), relevant overlapping would have occurred already after a time
interval of about (3 · 10−22Tνd/T ) s. During such a short period of time, one out of two
populated modes had to be depopulated. This fact requested a depopulation frequency
of slightly more than (1021T/Tνd) Hz per neutrino. The collision frequency of individual
neutrinos of T 5/(T 5νdtνd) was too low. The highest possible interaction frequency of a
relativistic gas in thermal equilibrium, however, was sufficiently high:
Γ ≈ kBT
h
≈ 6 · 1020 T
Tνd
, for T ≥ Tνd . (9)
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Figure 3. Hypothesis of neutrino-to-dark-matter evolution starting with neutrino
decoupling at tνd ≈ 0.5 s after the Big Bang. (a) Highly localized neutrinos
(black) that are strongly coupled to the rest of the universe via the annihilation of
electron/positron pairs. (b) Already delocalized neutrino matter (grey shades) shortly
after instantaneous decoupling. (c) Largely delocalized neutrino-field Fermi seas. (d)
Dark-matter halos around supermassive primordial black holes. The latter are due to
a direct transformation of the Fermi seas. Gravitational collapses were not necessary.
Overlapping DM halos provide a gravito-covalent bond, which has been relevant for
galaxy cluster formation and stability.
I propose that the above equation represents the frequency of neutrino-pair annihilation
according to Eq. (1), balanced by an equally high creation rate. Twice the value
corresponds to the depopulation rate of individual neutrino modes, which meets the
value requested above. My physical justification of this statement is the following. Since
Eq. (1) describes coexisting forms of energy, indeed, a single quantum h is sufficient to
complete a process in one or the other direction. In fact, Eq. (9) nicely represents the
quantization of action, as given by Planck’s constant h: All degrees of freedom of a
relativistic gas in thermal equilibrium are excited by kBT , because the tiny quant of
action ‘h’ is applied with frequency Γ.
When the depopulation of modes via collisions became less than one per age of the
universe, depopulation of modes could only happen via annihilation. The total rate was
just too low to maintain thermal equilibrium. The neutrino modes overlapped and the
transition to a degenerate Fermi gas occurred. I thus propose the following complemen-
tary description of neutrino decoupling. The neutrino decoupling temperature Tνd is the
one, at which the depopulation rate of effectively half the neutrino modes dropped below
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the relative expansion rate of the neutrinos’ position uncertainty.
It is not surprising that the annihilation of electron-positron pairs and thus the
creation of neutrino pairs happened at a high rate as given in Eq. (9). The electro-
magnetic attraction of electrons and positrons supported their annihilation. It is less
obvious, what mechanism resulted in an equally high rate for neutrino-pair annihilation.
My answer to that question is the following. The parity of Eqs. (3) and (4) shows that the
neutrino position/momentum phase space before decoupling was almost packed. Here,
I slightly refine this statement. In fact, balancing between creation and annihilation,
requested 50% of all modes that were addressed by the neutrino pair creation were not
occupied. In this situation, 50% of all neutrino-pair creation processes indeed resulted
in the population of field modes, but in 50% of the neutrino pair ‘creation’ processes an
occupied modes were addressed and the Pauli exclusion principle enforced destructive
interference. In other words, in 50% of the creation processes, the net effect was neutrino
annihilation. This way, creation and annihilation were balanced even when the collision
rate of individual neutrinos was small.
This changed when the neutrino collision rate got reduced to the inverse of the age
of the universe. The overall depopulation rate of neutrino modes reached the critical
value and neutrino modes overlapped and became degenerate. The newly evolved
degenerate modes did not have sufficient spatial overlap with the modes that were
addressed by neutrino-pair creation. Destructive interference and annihilation stopped.
Consequently, the creation of neutrino pairs also stopped. The model outlined here
explains why neutrinos decoupled although the temperature of the universe was still
high enough for neutrino-pair production at high rate. (This eventually changed after
reheating).
3. Primordial formation of super-massive black holes
The direct and necessary consequence of large-scale neutrino Fermi seas was the
primordial formation of super-massive black holes. Their formation did not require any
agglomerations of mass via the gravitational force, i.e. no gravitational collapses, since
the mass/energy density of the neutrino field was already sufficient for the emergence
of event horizons. As a matter of fact, the mass/energy density in the early universe,
at any time, was that high that the integration over finite volumes resulted in values
beyond the critical value for the emergence of event horizons. In this section, I present
my argumentation why black holes did rarely emerge before neutrino decoupling, but
necessarily emerged right after neutrino decoupling.
The well-known necessary condition for the emergence of a black hole can be
formulated as follows. For a black hole without spin and charge (a ‘Schwarzschild black
hole’), the total mass within a volume of radius rs (the ‘Schwarzschild radius’) has to
be above the threshold
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MBH = rs,BH c
2/(2G) ≈ rs,BHM/rs, . (10)
where G is the gravitational constant, M ≈ 2 ·1030 kg is the mass of our sun and
rs, ≈ 3 km the Schwarzschild radius that corresponds to the mass of the sun. (Our sun
would turn into a BH if its mass was compressed into a sphere of 3 km radius.)
The question arises, why this condition is necessary but not sufficient for BH
formation. My answer is the following. The energy in finite volumes of the early
universe fluctuated by too much and too quickly. The continuous redistribution of
mass/energy density in the early universe frustrated the necessary condition for BH
formation to remain fulfilled for a sufficiently long time. The emergence of event horizons
competed with the emergence of those of partially overlapping volumes. An important
issue was the finite speed of light. A direct consequence of Einstein’s special theory
of relativity [42] is the fact that any kind of information can maximally travel at the
speed of light, because otherwise the principle of cause and effect (‘causality’) would
be violated. The above condition becomes only necessary and sufficient, if it persists
for the same unambiguously defined volume over a time period that light requires to
propagate over the distance that corresponds to the Schwarzschild radius. In the early
universe, the sufficient condition for BH formation was not met. (Due to the strong
thermal fluctuations it can not be fully excluded that a small number of black holes
emerged during all phases of the early universe.) But the situation changed completely,
once the neutrinos had decoupled. Neutrino fields of large dimension had a well-
defined centre of mass location in spacetime and showed only small and slow internal
energy redistributions; neutrino fields in their ground states did not show any energy
redistributions, not even due to quantum fluctuations.
In the following, I quantitatively consider the sufficient condition of the primordial
formation of BHs and find a lower bound to their mass. Required is the expression for
the total neutrino mass density at and after decoupling time when the neutrinos were
ultra-relativistic. Neglecting the neutrino rest mass, Eq. (2) yields for all six neutrino
species and all three degrees of freedom at decoupling time tνd
Ων(tνd) ≈ 6nνd 〈|~p |〉νd
c
≈ 108pi · ζ(3)(kBTνd)
4
h3c5
≈ 1.7 · 1010 kg
m3
. (11)
After decoupling, the above mass density got reduced due to the expansion of the
universe. The one-dimensional expansion of the universe is given by the scale factor
a = 1/(1 + z). Generally, relativistic energy densities are inversely proportional to the
increase in the volume and to the red shift, i.e. they are proportional to a−4. Neutrino
decoupling as well as subsequent times are part of the radiation-dominated era, where
a(t) ∝ t1/2, with t again being the age of the universe [24]. In subsection 2.6, I argue that
the expansion of the universe after neutrino decoupling became the more inhomogeneous
the more time passed. Right after neutrino decoupling this effect can be neglected. The
mass-equivalent relativistic neutrino energy density at least for several seconds after
decoupling can thus be approximated to
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Ων(t) ≈ 108pi · ζ(3)(kBTνd)
4
h3c5
(
tνd
t
)2
≈ 1.7 · 1010
(
tνd
t
)2
kg
m3
. (12)
Also required is an estimation for the total mass-equivalent energy density of the rest
of the universe, since it contributed to the formation of black holes when event horizons
formed. The energy density of the primeval plasma Ωpp was mainly given by the degrees
of freedom of the other relativistic species, i.e. electrons, positrons and photons. Its time
dependence is thus equivalent to the one of Ων(t), at least for the relevant few seconds
after decoupling.
Using Eqs. (10) and (12), it is evident that the necessary condition for the formation
of an event horizon at time t & tνd was fulfilled for a sphere with radius
rs(t) =
√
3M
4pirs, · (Ων(tνd) + Ωpp(tνd)) ·
t
tνd
. (13)
The event horizon had to evolve if in addition the sphere was filled with a neutrino
field having negligible density fluctuations. In space-time volumes of initially large
neutrino field energy densities, such fields had grown since decoupling with almost the
speed of light, i.e.
rs(t) = c(t− tνd) , (14)
which obeyed the principle of cause and effect.
The identity of the right sides of Eqs. (13) and (14) yield the time when the first
primordial black holes formed
tminpBH =
ct2νd
ctνd −
√
3M/ [4pirs, · (Ων(tνd) + Ωpp(tνd))]
≈ 0.9 s , (15)
where I use the approximation Ωpp(tνd) ≈ Ων(tνd). The first primordial black holes
formed about 0.4 s after neutrino decoupling. Inserting Eq. (15) into Eq. (13) yields the
corresponding Schwarzschild radius
rmins,pBH =
(√
4pi rs,(Ωpp + Ωνd)
3M
− 1
c tνd
)−1
≈ 1.2 · 108 m , (16)
and the corresponding black hole mass
MminpBH ≈M · rmins,pBH/rs, ≈ 4 · 104M , (17)
again with the approximation Ωpp(tνd) ≈ Ων(tνd).
Eqs. (15) to (17) are just lower bounds. Smaller primordial black holes at earlier
times could not form, however, larger black holes at later times could. The reason is
the afore discussed self-amplifying inhomogeneity of the expansion of the universe. At
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decoupling, energy density fluctuations had purely thermal origin. After decoupling,
regions with low neutrino energy densities expanded faster, which further diluted the
neutrino energy density in these regions and so on. In volumes of diluted neutrino en-
ergy density, Fermi seas emerged at later times resulting in larger Schwarzschild radii
and correspondingly larger primordial black-hole masses. Eq. (17) provides the smallest
possible mass of primordial black holes. 4 · 104 solar masses certainly correspond to a
supermassive black hole. This result fits in an excellent way to the mass of the smallest
currently known supermassive black hole of 5 · 104M [43].
I now consider two examples well above the lower bound. The supermassive black
hole in the centre of our galaxy has a mass of 4 · 106M. Its Schwarzschild radius is
1.2 ·1010 m. From the perspective of flat space time, the light travel time over the radius
is 40 s, which means that a black hole of this size formed at the earliest about 40 s after
decoupling. It is more likely, however, that the Fermi sea that formed such a large black
hole did not grow with the speed of light. If one deliberately assumes a formation after
88 s, the relativistic energy density since decoupling got reduced by (88/0.5)2. Eq. (12)
together with the approximation Ωpp(tνd) ≈ Ων(tνd) yields an energy density of about
106 kg/m3. Integrated over a sphere with a radius of 1.2 · 1010 m yields the consistent
value for the black hole mass of 4 · 106M.
An even larger supermassive black hole is located in our neighboring galaxy M87
[44]. It has a mass of 6.5 · 109M and its Schwarzschild radius is 2 · 1013 m, which
corresponds to a light travel time of 18.5 h. If one deliberately assumes a formation
after 41 h, the relativistic energy density got reduced by 8.7 · 1010. Eq. (12) together
with the approximation Ωpp(tνd) ≈ Ων(tνd) yields an energy density of about 0.4 kg/m3.
Integrated over a sphere with a radius of 2 · 1013 m yields a mass of about 6.5 · 109M.
According to my rationale, regions of lower neutrino energy density produced Fermi
seas at later times, but with larger masses. The consequences were larger supermassive
black holes. Multiplying Eq. (12) by the volume of a sphere with the Schwarzschild
radius rs,pBH = rs,MpBH/M shows that the mass of a supermassive primordial black
hole is proportional to the time when it emerged, given by
tpBH = tνd · MpBH
M
·
√
(Ωpp + Ωνd)
4pi
3
r3s,
M
≈ 2 · 10−5 s · MpBH
M
. (18)
The emergence of supermassive black holes without gravitational collapse is an
interesting physical scenario. In the instant when the event horizon is physically defined,
the enclosed space-time is of the same archetype as the outside. From then on, however,
the space-time beyond the horizon needs to be seen as an independent universe with
rather low total energy, which follows its own independent evolution.
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4. Dark matter halos and the neutrino rest mass
Astronomical observations suggest that every spiral galaxy contains a supermassive
black hole surrounded by a DM halo. The mass of the latter usually is orders of
magnitude larger than that of the black hole.
If my hypothesis is correct, supermassive BHs and their DM halos were produced
in the same process. Neutrino fields that never reached the threshold for black
hole formation (with respect to our space time) aggregated around the supermassive
BHs. The latter mainly acted as gravitational seeds in expanding space-time.
Black holes that got in contact with initially independent (supermassive) neutrino
fields radiated away kinetic energy in terms of gravitational waves [45] and formed
supermassive BH/DM halo systems. Black holes that emerged within larger neutrino
fields had rather low differential speed vectors and produced little gravitational-wave
emission.
The formation of a supermassive BH/DM halo system can be understood similarly
to the formation of a hydrogen atom from a proton and a largely uncertain (free)
electron. The localization of the electron in the vicinity of the proton enforces an
increase of the electrons momentum uncertainty. The increased kinetic energy balances
the reduced potential of the electron. The electron remains in a pure, zero temperature
state. No electro-magnetic energy is radiated away, if the process of electron localization
is spherical. A supermassive black hole together with a dark matter halo can be seen
as a giant gravitationally-bound atom. Different from true atoms, whose positively
charged core is (partially) compensated by a trapped electron, the mass of the black
hole is not compensated by a trapped neutrino field. The neutrino field rather expands
the attractive 1/r-potential to a larger and less steep one.
Similar to electron ground-state orbitals in hydrogen atoms, DM halo cores should have
close to rotationally symmetric shapes. The DM halo of our galaxy has a triaxial shape
[46] that is not far off a sphere. Deformations might be explainable by a significant spin
of the central black hole, by the partial overlap with nearby DM halos, as well as the
distribution of other masses such as smaller black holes and the ordinary baryonic mass.
Following my hypothesis, the energy density of the DM halo of our galaxy
corresponds to the product of the average galactic neutrino number density and the
neutrino energy. According to [47] its energy density accounts to 1.5 GeV/cm3 in the
halo core. To provide this energy density in terms of a neutrino field, the effective
neutrino red shift in the Milky Way according to Eq. (11) is zνMWνd ≈ 5 · 107. If the
neutrinos of the galaxy’s DM halo core indeed experienced a red shift smaller than that
of photons, their number density scales up accordingly with respect to the literature
value of today’s neutrino density of 3.4 · 102/cm3 [24, 27]. It translates to a neutrino
number density in the Milky Way halo core of (z˜ννd/z
νMW
νd )
3 × 3.4 · 102/cm3 ≈ 1010/cm3
and to an average (relativistic) neutrino energy of about 3 · 2.6 MeV/(5 · 107) ≈ 0.15 eV.
Wellenlaenge fordert die Knoten! Nicht die Fermionen.
If galactic DM halos are neutrino-pair fields that are gravitationally allocated
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around supermassive black holes, there is a lower bound to the radius of a DM halo.
This lower bound corresponds to the position uncertainty of a single neutrino pair
when trapped by a black hole. For a single neutrino pair, the gravitational potential
is harmonic, and according to quantum theory the ground-state position uncertainty of
the particle around the BH is given by
∆xˆ =
√
~
2mω
, (19)
where ω = Ep/~ is the trapping frequency and Ep the trapping potential for the particle.
Ep corresponds to the energy that is added to the halo if a single particle that has
zero average momentum with respect to the BH at infinite distance and a quantum
delocalization identical to that in the halo falls into the BH, i.e. Ep = mc
2, yielding
∆xˆ =
~√
2mc
. (20)
The above equation shows that the neutrino-pair mass m could be calculated if the lower
bound of DM halo radii was known. For completeness, the momentum uncertainty is
given by
∆pˆ =
√
~ωm
2
=
mc√
2
, (21)
fulfilling Heisenberg’s uncertainty principle. The expectation values of the particle’s
position 〈x〉 and momentum 〈p〉, as defined in the BH’s inertial frame and with respect
to the BH’s event horizon, are zero. Finally, the zero point energy of the (empty) DM
halo is given by
Ezpe =
~ω
2
=
∆2p
2m
+
mω2∆2x
2
=
mc2
2
, (22)
where ∆2 denotes the variance of the observable’s quantum uncertainty.
In reality, masses of galactic DM halos are several orders of magnitude larger than
the masses of the central black holes and their core radii should be several orders of
magnitude larger than ∆xˆ in Eq. (20) because an extended mass distribution allows for
a larger ∆xˆ without increasing the potential energy. Heisenberg’s uncertainty relation
thus offers a smaller value for ∆pˆ, resulting in reduced kinetic energy ∝ ∆2p and total
energy.
Not only spiral galaxies have a dark matter halo and a supermassive black hole, but
also dwarf galaxies [48]. An example is the Ursa Minor spheroidal dwarf galaxy, which
is a satellite galaxy of the Milky Way and which has a dark matter halo core of 0.1 kpc
radius [49]. It is a DM dominated galaxy, with a halo mass several orders of magnitude
larger than the mass of its black hole. The smallness of its halo, nevertheless, provides
an interesting, albeit very conservative lower bound for the lightest neutrino mass m3.
Applying ∆xˆDM = 0.1 kpc ≈ 3 · 1018 m to Eq. (20) yields
m3 ≫
~
2
√
2 · c ·∆xˆDM
≈ 4 · 10−62 kg ≈ 2 · 10−26eV/c2 .
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The actual value for m3 certainly is several orders of magnitude larger than this lower
bound. The standard model of particle physics makes the (wrong) prediction that
the neutrino has zero rest mass. Based on this, it seems not unlikely that one of
the three neutrino rest masses is much lower than the other two, i.e. m1 ≈ 49.5 meV,
m2 ≈ 48.7 meV, and m3 ≪ 1 meV. Modeling of the spatial distribution of dark matter
in galaxies and galaxy clusters related to Eq. (20) but taking into account DM mass as
well as other mass distributions should yield the actual value for m3.
5. Galaxy clusters and structure formation
Galaxy clusters contain hundreds or even thousands of galaxies. A specific feature of
such clusters is that they do not expand with the general expansion of space time, similar
to individual galaxies. In contrast, some ‘super clusters’ do expand with the universe
[50]. So far, it is assumed that clusters are held together by solely the gravitational force.
Based on the nature of dark matter proposed here, I conclude that cluster formation as
well as cluster internal dynamics have been strongly influenced by a quantum mechanical
effect – the quantum mechanical binding energy of galaxies due to joint DM halos. This
binding energy results in a so-called covalent bond, whose fundamentals are known.
Consider two neighboring DM-halo/BH-systems whose halos partially overlap. Such
a joint DM halo represents a joint orbital excited by a joint neutrino field. The size
of the joint orbital is elongated along the symmetry axis by a factor of order two. In
comparison to two DM-halo/BH-systems at large distance, the position uncertainty of
the dark matter ∆xˆ is increased (without an increase in potential energy). Consequently,
Heisenberg’s uncertainty principle allows for the reduction of the momentum uncertainty
∆pˆx. The neutrino field’s kinetic and total energy are reduced as well, which establish
the covalent bond. The proposed covalent bond is similar to the covalent bond in
molecules, such as in hydrogen or oxygen molecules, as outlined in Refs. [51, 52, 53].
(Unfortunately, the physical description of the covalent bond on the basis of quantum
uncertainties ist still not standard in relevant textbooks.) From this point of view,
galaxy clusters could be seen as cosmological molecules. Different from molecules, there
is no repelling force between the nuclei (the supermassive black holes), since gravitation
is always attractive. The repelling mechanism, against which the bond balances, is
the expansion of the universe. Similar to molecules, ‘gravito-covalent’ bonds stabilize
against merging of galaxies, because merging would reduce ∆xˆ of the joint orbital,
which requires energy that is not available. This mechanism is identical to the one that
prevents galactic dark matter halos falling into the central black hole. The quantum
mechanical binding energy between galaxies may correspond to a significant fraction of
the total mass of joint DM halos. It should then significantly contribute to the stability
of galaxy clusters against both, the expansion of the universe as well as merging of
supermassive BHs. This fits well to the observation that DM distributions act like
scaffolding [39].
My hypothesis might shine new light on the analysis of collisions of galaxy clusters.
Hypothesis on the nature and origin of cold dark matter 22
In such collisions, three different ingredients have to be considered: stars, intra-cluster
gas, and dark matter. Stars are well-spaced and their motion is only influenced by
gravity. In contrast, intra-cluster gas has a large cross-section, is slowed down during
collision, and shows X-ray emission. This effect is clearly observed in the bullet cluster
(1E 0657-558) [10], which is a collision of two galaxy clusters that happened 150 million
years ago. If DM consisted of weakly-interacting massive particles [22], DM should
exactly accelerate as stars. If my hypothesis is correct and dark matter is a quantum
field, however, its redistribution should be influenced by interference as well as the
covalent binding force.
6. Summary
Based on the position uncertainty of the neutrino wave-packets, their quantum
mechanical evolution, as well as interference, this work elaborates on the mechanism
through which neutrinos lost interaction with the rest of the universe about half a second
after the Big Bang. This event of neutrino ‘decoupling’ is well known, but prevailing
descriptions convey a physical picture of neutrinos having trajectories, i.e. moving like
classical particles. I argue that such a particle-like picture is incorrect, even at times
before decoupling.
After decoupling, according to my rationale, the neutrino wave-functions expanded with
almost the speed of light, overlapped, and evolved into macroscopic and massive neutrino
fields. I provide an expression for the temperature of a neutrino field, according to which
a field of radius r has the same temperature as a Schwarzschild black hole of the same
radius. I show that the neutrino fields evolved into their quantum mechanical ground
states, so-called Fermi seas. Following the BSC theory, I argue that the neutrinos
in a Fermi sea paired to bosons of zero spin, similar to Cooper pairing of electrons
in superconducting metals. I show that the neutrinos of a pair are Einstein-Podolsky-
Rosen entangled. Furthermore, the nonclassical feature of the Fermi seas prohibited any
kind of density fluctuation, whose direct consequence was the emergence of primordial
supermassive black holes without gravitational collapse. My hypothesis suggests a direct
link between neutrino decoupling time and the mass of the smallest supermassive black
holes. For the actual decoupling time of half a second after the Big Bang, my hypothesis
predicts a lower bound of about 4 ·104 solar masses. This value is in excellent agreement
with the smallest known supermassive black hole (5 ·104M) [43]. I show that the small
exemplars evolved as early as one second after the Big Bang. Larger ones emerged in
regions of smaller quantum field density, but over larger volumes and at later times.
Subsequently, supermassive black holes and remaining dark-matter fields formed the
dark component of todays galaxies and galaxy clusters.
I argue that dark-matter fields around supermassive black holes experienced a much
lower average expansion of space-time than electromagnetic radiation, since their
gravitational attraction locally resisted against the expansion. According to my
estimation, neutrino fields can explain all cold dark matter in the universe if the red-
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shift they experienced after decoupling was just zννd ≈ 2 · 106 instead of z˜ννd ≈ 1.5 · 1010,
where the latter is the red-shift of relativistic cosmic-background neutrinos if they were
homogeneously distributed in space-time.
My ‘neutrino-field hypothesis’ answers the long-standing question why the centres of
dark matter halos have the shapes of cores rather than ‘cusps’ [54] in the following way.
Similar to the electron probability distribution in a hydrogen atom in ground state,
quantum position uncertainties generally have a rather flat shape at its centre. My
hypothesis also answers the question why DM halos are stable since their formation.
Again it is useful to compare a DM halo around a supermassive black hole with the
electron ground-state orbital around a proton. The electron does not fall into the
proton because a more precisely determined position uncertainty would request a larger
momentum uncertainty and thus a larger kinetic energy. My hypothesis also provides
a solution for the so far unknown mechanism of primordial formation of super-massive
black holes. And finally it suggests a gravito-covalent bond due to joint DM orbitals as
a significant contribution to galaxy-cluster formation and stability.
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